Objective: Uncoupling protein 3 (UCP-3) uncouples oxidative metabolism from ATP synthesis, resulting in the production of heat instead of energy storage. Single nucleotide polymorphisms (SNPs) in UCP-3 might result in a reduced function or expression of UCP-3 and therefore lead to an increased capacity to store energy as fat. Design: We conducted a population-based, cross-sectional single-center study among 400 Dutch men between 40 and 80 years. Methods: Seven SNPs in the UCP-3 gene were genotyped by means of an allele-specific real-time TaqMan PCR. Linear regression analyses were performed to examine the independent effects of these SNPs on obesity phenotypes. Results: We found a significant association between homozygosity for the minor allele of rs647126, rs1685356, and rs2075577 and an increase in body mass index (BMI; PZ0.033, PZ0.016, and PZ0.019 respectively). Heterozygosity for rs1685354 was associated with a significant decrease in visceral fat mass (PZ0.030). Conclusions: Our results suggest that genetic variations in the UCP-3 gene are associated with an increase in BMI. A plausible mechanism by which these SNPs lead to an increase in BMI is that due to these SNPs, the UCP-3 activity might be decreased. As a result, uncoupling activity may also decrease, which will lead to an increase in body weight and BMI.
Introduction
Obesity is an increasing health problem in modern societies and a major risk factor for chronic diseases including type 2 diabetes, hypertension, and cardiovascular disease (1, 2) . It is a multifactorial disease caused by the interaction of genetic, environmental, and psychosocial factors that act through the physiological mediators of energy intake and expenditure (1) . An imbalance between this intake and expenditure of energy results in changes in body weight (3, 4) .
Energy expenditure is a complex trait comprising the basal or metabolic rate at rest, energy expenditure due to physical activity, and diet-induced and adaptive thermogenesis (3, 5) . Uncoupling proteins (UCPs), a family of mitochondrial transporters, play a significant role in the process of adaptive thermogenesis (6, 7) . These transporters are known to uncouple oxidative metabolism from ATP synthesis by promoting proton leakage across the inner mitochondrial membrane, resulting in the production of heat instead of energy storage (6) (7) (8) (9) . As a result of this process of uncoupling, mobilization of triglyceride stocks is induced (8) .
UCP-1, the first identified UCP, is a brown adipocytespecific protein. However, in humans, the site of adaptive thermogenesis is probably not restricted to brown adipose tissue, because adults do not have large deposits of brown adipose tissue (6) . Rather, skeletal muscle is found to be the most important tissue for adaptive thermogenesis in adult humans (10, 11) . In 1997, two UCP-1 homologs were identified, UCP-2 and UCP-3. UCP-2 is widely expressed in human tissues, such as the spleen, thymus, leukocytes, macrophage, bone marrow, and stomach (12, 13) . On the contrary, UCP-3 is highly specific for skeletal muscle and has been suggested to affect the process of adaptive thermogenesis in humans (12, 14) . However, direct evidence for such a role is lacking, but UCP-3 is somehow involved in fatty acid translocation (15) . Reduction in the function or expression of UCP-3 might result in decreased energy expenditure and an increased capacity to store energy as fat (16) . Thus, UCP-3 is considered to be a candidate gene in the development and maintenance of obesity.
The association between the UCP-3 gene and obesity is under intensive investigation. Most studies regarding the association of UCP-3 with obesity phenotypes focused on individual single nucleotide polymorphisms (SNPs). A number of different amino acid substitutions have been reported, but most of them are rare (17) . A relatively common and extensively studied SNP with regard to obesity phenotypes is the rs1800849 SNP within the promoter region, discovered by Schrauwen et al. (18) . However, the results of the different studies on this SNP are conflicting (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) ; some studies found a negative association between the T-allele and the body mass index (BMI) in Caucasians (18, 25, 27) , while others found a positive (28) or no association (22, 23, 26) .
The aim of this study was to examine the association of common genetic variations in the UCP-3 gene with obesity phenotypes. The association of seven common SNPs with anthropometric parameters was investigated among 400 healthy Dutch male subjects.
Subjects and methods

Subjects
We conducted a population-based cross-sectional, single-center study among 400 men aged between 40 and 80 years and living independently. Among this total of 400 male subjects, 382 males were genotyped and analyzed. Two male subjects could not be genotyped due to failure of DNA isolation. Another 16 males were not of Caucasian ancestry and were therefore excluded from analysis.
The subjects and methods of recruitment have been described elsewhere (29) . All participants gave written informed consent before enrolment in the study, and the study was approved by the institutional review board of the University Medical Center Utrecht. Data were collected between March 2001 and April 2002
Anthropometric measurements
Height and weight were measured in standing position without shoes. BMI was calculated as the weight in kilograms divided by the square of the height in meters. Weight circumference was measured at the level midway between the lower rib margin and the iliac crest with participants in standing position without heavy outer garments and with emptied pockets, breathing out gently, and the hip circumference was measured at the level of the greater trochanter. The average of two readings was used in the analyses. Waist-to-hip ratio, which represents a measure of upper body adiposity, was calculated from these two measurements.
Total and trunk lean body mass and fat mass were measured using dual-energy X-ray absorptiometry (Hologic ZDR 1000 densitometer (Hologic, Waltham, MA, USA)).
Visceral and intra-abdominal fat were assessed using ultrasound measurement (30, 31) . Ultrasonography was performed with an HDI 3000 ultrasound system (Philips Medical Systems, Eindhoven, The Netherlands) using a C4-2 transducer. The distances between the posterior edge of the abdominal muscles and the lumbar spine or psoas muscles are measured using electronic calipers. For all images, the transducer is placed on a straight line drawn between the left and right midpoint of the lower rib and the iliac crest. Distances are measured from three different angles: medial, left, and right for intra-abdominal fat mass and medial for s.c. fat mass in threefold. Measurements are made at the end of quiet expiration, applying minimal pressure without displacement of intra-abdominal contents as observed by ultrasound image. Visceral fat was measured as the distance between the skin and the linea alba and intra-abdominal fat as the distance between the peritoneum and the lumbar spine.
SNP selection and analysis
The UCP-3 gene spans 8.5 kb and is located on the distal segment of chromosome 11q13, adjacent to UCP-2 (32 (33) . This resulted in seven SNPs for UCP-3, all of which were haplotype based (rs7930460, rs647126, rs1685356, rs2632723, rs1685354, rs2075577, and rs1800849). All SNPs had a minor allele frequency of at least 10%. Further description and localization of the selected SNPs is shown in Table 1 and Fig. 1 . Linkage disequilibrium (LD) coefficients, D 0 and r 2 , between the SNPs are described in Table 2 .
The SNPs were genotyped by means of an allele-specific real-time TaqMan PCR (34) . In summary, two probes are used of which one is specific for the wild-type allele and the other is complementary to the minor allele. By means of two fluorescent reporter dyes (VIC or FAM), which are coupled to the probes, a distinction can be made between the two alleles. When the probe is intact, the fluorescence signal is reduced by the proximity of the quencher to the reporter dye, whereas hybridizing of the fluorogenic probe to the target sequence results in cleavage by AmpliTaq Gold DNA polymerase. Due to this cleavage, the reporter dye is released and the consequent increased fluorescence indicates that the specific probe target has been amplified. This intensity of fluorescence increases in relation to the accumulation of the PCR product.
The primers and probes used in this study were designed by Applied Biosystems (Applied Biosystems, Foster, CA, USA). The reactions were conducted in a 384-well format in a total 4 ml reaction volume. Each mixture consisted of 1 l (8 ng) genomic DNA, 0.125 ml 40* assay mix (Applied Biosystems), and 2.5 ml TaqMan Universal Master Mix (Applied Biosystems). The plates were positioned in an ABI Prism 7900HT instrument in which the amplification protocol consisted of 95 8C for 10 min, 95 8C for 15 s, and 60 8C for 1 min for 60 cycles. The fluorescence intensities were read for each of the wells and the resulting data files from each plate were analyzed with the automated allele-calling software, Sequence Detection System (SDS 2.3, Applied Biosystems, Foster, CA, USA). Finally, the SDS software produces scatter diagrams of the polymorphisms.
Statistical analysis
The SNPs were tested for deviations from HardyWeinberg equilibrium by means of c 2 tests using a HW-P value cutoff of 0.01. General and biochemical characteristics of the study population were presented as meansGS.D. Genotype and allelic distributions were shown by means of the absolute number and their frequency. To examine the independent effects of the genetic SNPs on obesity phenotypes, linear regression analyses were performed. The various genotypes were each represented by two dummy variables that were forced into the model simultaneously. A two-sided P value of 0.05 or less was considered to be statistically significant. All statistical analyses were conducted using SPSS version 14.0 (SPSS, Chicago, IL, USA).
Results
General characteristics of the subjects are presented in Table 3 . The average age of the participants was 60 years. Furthermore, the average BMI was 26.3 kg/m 2 and the mean total fat mass was 17.2 kg, which means that 20.6% of the total body mass consisted of fat.
The frequencies of the genotypes and alleles of the UCP-3 SNPs are shown in Table 4 . On average 98.5% were successfully genotyped. No significant deviation from the Hardy-Weinberg equilibrium was found for any of the seven SNPs (PO0.01).
Obesity-related phenotypes
Results of linear regression analysis of obesity-related phenotypes with the seven SNPs in the UCP-3 gene are shown in Table 5 . A significant association with BMI was found for three SNPs: rs647126, rs1685356, and rs2075577. Subjects homozygous for the minor allele of rs647126 had an average increase in BMI of 1.11 kg/m 2 (95% CI: 0.09; 2.14, PZ0.033). The same tendency was seen for the other two SNPs (rs1685356 and rs2075577). Subjects homozygous for the minor allele of rs1685356 as well as for rs2075577 had a significantly increased BMI ( Furthermore, a significant association between rs1685354 and visceral fat mass was observed. A significant decrease in visceral fat mass was seen in subjects heterozygous for this SNP (K0.52 cm, 95% CI: K0.99; K0.05, PZ0.030). Subjects homozygous for the minor allele also had a decreased visceral fat mass, but this did not reach statistical significance (K0.51 cm, 95% CI: K1.61; 0.60, PZ0.368). However, analysis of Figure 1 Gene map of the selected single nucleotide polymorphisms in the UCP-3 gene. the association between rs1685354 and visceral fat mass in a dominant model showed a statistically significant effect for the combination of heterozygosity and homozygosity for the minor allele (K0.52 cm, 95% CI: K0.97; K0.07, PZ0.025).
Discussion
In this study, we investigated the effect of SNPs in the UCP-3 gene on obesity-related phenotypes among healthy Dutch male subjects. The findings show a significant association between the minor allele of three SNPs (rs647126, rs1685356, and rs2075577) in the UCP-3 gene and BMI. Furthermore, heterozygosity for rs1685354 was significantly associated with a decrease in visceral fat mass. Analysis of this association in a dominant model showed a statistically significant effect; the presence of the minor allele of this SNP results in a decrease in visceral fat mass of about 0.52 cm. The fact that we did not observe statistical significance for homozygotes for the minor allele is probably due to the small number of subjects (nZ17).
We could demonstrate only statistically significant associations between these SNPs and BMI, and not with other obesity phenotypes, such as waist circumference, waist-to-hip ratio, and visceral fat mass. However, for some of the SNPs, trends were suggestive. The association between homozygosity for the minor allele of rs647126 and an increase in BMI is supported by a borderline significant increase in waist-to-hip ratio. Furthermore, homozygosity for the minor allele of rs2075577 is borderline significantly associated with an increase in visceral fat mass.
The amount of visceral fat was assessed using ultrasonography, but the gold standard for this measurement is computer tomography (CT). However, the feasibility of use of CT in large epidemiological studies is very limited, because of the necessary equipment, costs, and radiation exposure. Moreover, a validation study on the assessment of visceral fat by means of abdominal ultrasound has shown that, using a strict protocol, this is a reliable and reproducible method to assess the amount of intra-abdominal adipose tissue (30) . Our finding of a significant association between the minor allele of rs2075577 and BMI is in contrast with an association study among overweight Korean female subjects (27) . In this study, single locus analyses did not lead to significant associations between this SNP and anthropometric characteristics (body weight, waist-to-hip ratio, and BMI) or measures of body composition (body fat mass, body fat percentage, fat-free mass, and body protein mass) (27) . Furthermore, another study among nonHispanic and Hispanic Caucasian individuals found that the minor allele of rs2075577 was significantly associated with an increase in dietary intake and a decrease in fat and lean mass, BMI, and percent body fat (24) . However, in this paper, results were presented for females only, because no statistically significant associations between the polymorphisms considered and measures of dietary intake and body composition in males were found (24) . Therefore, a sex-specific effect was suggested (24) . Moreover, in accordance with our study, no significant association between rs1800849 and BMI was found in the same study (24) . Two other studies among white subjects also did not find an association between this SNP and BMI (23, 26) . Furthermore, in obese subjects, there was also a lack of association between this SNP and fat mass or other anthropometric parameters (35) . On the other hand, some investigators did report an association between rs1800849 and BMI in the UK Caucasians and in the US Caucasians of Northern European origin, where the minor allele was associated with a decrease in BMI (25, 27) . A possible explanation for these inconsistent results might be that these associations between SNPs and phenotypes are population dependent. As a result, SNPs can have variable allele frequencies and penetrance between various populations. Another explanation is that associations between a non-functional SNP and an obesity phenotype could differ between various populations.
A plausible mechanism by which polymorphisms in the UCP-3 gene are related to BMI is that these polymorphisms decrease UCP-3 activity that leads to a decreased uncoupling of oxygen consumption from ATP production. Therefore, the dissipation of energy as heat is reduced, which, in turn, leads to an increase in body weight and BMI (7) . It has been shown that a major part of the mitochondrial uncoupling is not due to inefficiency of the system, but that it is regulated by the activation of UCPs (7). UCP-3, a homolog of UCP-1 with about the same uncoupling activity, has been shown to be mainly expressed in skeletal muscle (12) . Therefore, an important role for uncoupling is described to skeletal muscle and thus in the energy and substrate metabolism.
In conclusion, we have shown that genetic variations in the UCP-3 gene are associated with an increase in BMI. The effect of these SNPs might be a decreased UCP-3 activity that may lead to a decrease in uncoupling activity and thereby an increase in body weight and BMI. Furthermore, three SNPs showed borderline significance with several obesity-related phenotypes. Further research, using larger samples, is needed to unravel the effect of these SNPs on obesity-related phenotypes.
